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It is hypothesized that myocardium subjected to a 5
minute period of coronary occlusion and a 30 minute
period of reperfusion has latent abnormalities that be-
come overt when the reperfused myocardium is "chal-
lenged" by a subsequent coronary occlusion. This hy-
pothesis is clinically relevant because reperfused
myocardium is frequently subjected to recurrent isch-
emia, as in patients with unstable angina, vasospastic
angina or recurrent thrombosis after initial coronary
occlusion and thrombolysis.
In 19 open chest dogs, the response of regional myo-
cardial function to brief coronary occlusions was stud-
ied. Systolic wall thickening and diastolic thinning were
measured using a specially developed miniature 5 MHz
echocardiographic transducer fixed to the epicardium
by suction. All 19dogs underwent an initial "challenge"
coronary occlusion (30seconds). Thereafter, the control
group (n = 8) underwent no intervention for 30 minutes,
while the intervention group (n =11) underwent 5 min-
utes of coronary occlusion followed by 30 minutes of
reperfusion. All dogs were then subjected to a second
"challenge" coronary occlusion (30 seconds).
Numerous experimental studies (1-14) have been devoted
to the pathophysiology of reperfusion after transient myo-
cardial ischemia. The degree of functional recovery is in-
versely related to the duration of ischemia, with slow and
incomplete recovery when occlu sion lasts more than 2 to 3
hours (2,3). Although brief period s of coronary occlusion
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In the control group, responses to the second chal-
lenge occlusion were the same as to the first occlusion.
In the intervention group, regional and global systolic
function and myocardial perfusion after the 5 minute
coronary occlusionintervention returned to baseline lev-
els, but the response to the second challenge coronary
occlusion was significantly different in the intervention
group: regional wall thickening was significantly less by
5 seconds of the second challenge occlusion (wall thick-
ening 31 ± 4% [SE] during first challenge occlusion
versus 13 ± 5% during second challenge occlusion; p
< 0.01), and systolic thinning had already developed by
10 seconds of the second challenge occlusion (first chal-
lenge wall thickening 11 ± 4% versus second chalIenge
wall thickening -I ± 4%; p < 0.01).
It is concluded that a 5 minute coronary occlusion
results in subtle changes in regional myocardial function,
which are manifested by altered systolic response to sub-
sequent coronary occlusions.
(J Am Coli CardioI1987;lO.·898-905)
do not produce myocardial necrosis, prolonged dysfunction
results after a 15 minute coronary occlusion (4,5) . Some
investigators (4 ,5), using highly sensitive experimental
techniques (ultrasonic sonomicrometers). demonstrated that
even a 5 minute coronary occlusion is associated with subtle
abnormalities of myocardial contraction lasting up to 3 hours.
However. other worker s (7-10) found data at variance with
this. and suggested that wall thickening recovers rapidly and
completely after a 5 minute coronary occlusion.
We hypothesized that latent abnormalities of myocardial
function are present in reperfu sed myocardium after a single
5 minute episode of ischemia. We further hypothesized that
such abnormalities may not be evident at rest , but may be
uncovered by demonstrating an altered response of the re-
perfused myocardium to a further stress-a second period
of coronary occlusion. This hypothesis is clinically relevant
because reperfused myocardium is frequently subjected to
recurrent ischemia, such as in patients with unstable angina,
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during multiple episodes of vasospastic or mixed angina or
after thrombolysis during acute myocardial infarction.
Methods
Experimental preparation. Experiments were per-
formed in 24 mongrel dogs weighing 18 to 22 kg. Anesthesia
was induced with fentanyl-droperidol, 0.13 mllkg intrave-
nously, followed by pentobarbital, 20 mg/kg. with supple-
mental doses of pentobarbital given as necessary. Physio-
logic ranges of the arterial blood gases (four samples per
study) were obtained by manipulating tidal volume, respi-
ratory rate and inspiratory oxygen content.
Through a left lateral thoracotomy, a cuff occluder was
placed around the proximal left anterior descending coro-
nary artery. Complete occlusion of the artery after cuff
inflation was verified by demonstrating zero anterograde left
anterior descending flow velocity distal to the occlusion
using a pulsed Doppler suction probe. This 20 MHz trans-
ducer was connected to a custom-made pulsed Doppler ve-
locimeter (15) that enabled us to observe continuous phasic
and mean coronary flow velocity.
Changes in heart rate and inotropic state could alter myo-
cardial oxygen requirements and myocardial thickening and
make it difficult to assess the effect of any interventions.
We considered it important to minimize such changes. Ac-
cordingly, we created complete atrioventricular block (AV)
by local injection of 37% formaldehyde (approximately 0.3
cc) and maintained a constant heart rate of 90 beats/min by
epicardial pacing using a Grass S9 stimulator (3 V for 8
ms). Autonomic blockade was achieved by bilateral cervical
vagotomy and administration of propranolol (I mg/kg). Left
ventricular pressure was measured using a 6F micromanom-
eter-tipped catheter (Millar Instruments) introduced through
the right carotid artery. The first derivative of left ventricular
pressure change was obtained by a differentiating amplifier
with a linear response up to 60 Hz; this amplifier has a
known analog display delay of 55 ms. Aortic pressure was
measured by a fluid-filled catheter connected to a P23Db
Statham transducer. An electrocardiogram and all pressure
signals (left: ventricular pressure and its first derivative [dP/dt]
and aortic pressure) were recorded on an eight channel Beck-
man recorder.
Regional myocardial function. This was assessed by
monitoring wall thickening. For this study, a specially de-
veloped 5 MHz ultrasound transducer (5 mm diameter) was
applied to the epicardium in the center of the left anterior
descending artery distribution area and fixed in place by
suction using a negative pressure of 3 torr. We had previ-
ously used this device in animals and patients undergoing
cardiac surgery (16,17); it is atraumatic and allows stable
recordings of instantaneous left ventricular wall thickness
for at least 2 hours. For hardcopy recording, the ultrasound
transducer (together with electrocardiographic (ECG) and
left ventricular dP/dt signals) was connected to an M-mode
echocardiograph (SmithKline Instruments, model l602B).
All echocardiographic and pressure recordings were per-
formed simultaneously.
Myocardial perfusion. This was measured using ra-
diolabeled microspheres (diameter 15 p." New England Nu-
clear Corporation): cerium-141, strontium-85, scandium-
46, gadolinium-153, tin-113 and niobium-95, 20
p.,Ci/injection). The microspheres were injected into the left
atrium while blood was withdrawn from each of two pe-
ripheral arterial cannulas (18,19).
Hemodynamic measurements. Peak left ventricular
systolic pressure, left ventricular end-diastolic pressure, left
ventricular peak positive dP/dt and peak negative dP/dt were
obtained by averaging six successive beats. Left ventricular
relaxation was assessed by the time course of left ventricular
pressure decay (20,21). Left ventricular pressure was mea-
sured every 5 ms (I) for a period of 80 rns after the occur-
rence of the left ventricular peak negative dP/dt. The dia-
stolic left ventricular pressure values of natural log pressure
(In P) and t were fitted into a monoexponential relation by
the least squares method to the function: In P = At + B,
where t = ms, A = the slope of In P versus t and B =
the In P of the highest pressure on the exponential relation.
The time constant T equals 11 - A. T I represents the first
40 ms of isovolumic relaxation, and Tz the last 40 ms (22).
Echocardiographic measurements (Fig. 1). The epi-
cardium was pulled adjacent to the ultrasound transducer
crystal by the suction. We took as the epicardium the first
visible ultrasound reflector distal to the transducer artifact,
and arbitrarily measured the wall thickness from the leading
edge of the epicardium to the trailing edge of the endocar-
dial-blood interface (Fig. I). Systolic contraction measure-
ments were obtained by determining left ventricular end-
systolic and end-diastolic wall thickness before left anterior
descending artery occlusion and every 5 seconds during the
30 second occlusion. All wall thickness measurements were
obtained by averaging the three successi ve cardiac beats
surrounding the specified time points. End-diastole was de-
fined as the electrical spike of the pacemaker signal; end-
systole was defined as the peak negative dP/dt, corrected
for the known display delay of 55 ms. Wall thickness at
end-diastole and end-systole was measured, and systolic
thickening (end-systolic thickness - end-diastolic thickness
-i- end-diastolic thickness x 100) was calculated. All mea-
surements were performed by one independent observer who
was not aware of the step in the experiment being analyzed.
lntraobserver variability in our laboratory using this method
is 2.6% (unpublished data).
Early diastolic relaxation was assessed with echocardi-
ography by measuring diastolic wall thickness at 50 ms
intervals during the first 200 ms after end-systole, and nor-
malized by considering end-systolic thickness as 100% and
expressing diastolic thickness as the percent of end-systole
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Figure L Echocardiographicrecordingsfrom
the suction M-mode echocardiographic trans-
ducer. Electrocardiographic (ECG) and left
ventricular (LV) dP/dt signals are recorded for
timing purposes: the latter signals have a known
display delay of 55 ms (see text). Systolic
thickening (Th) is abolished during coronary
occlusion. ED = end-diastolic; ES = end-
systolic.
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were taken in the ischemic area before and after a 5 minute
occlusion followed by 30 minutes of reperfusion. The biopsy
samples were stored at - 80°C. homogenized and analyzed
for ATP. using a Packard Instruments model 6500 lurni-
nometer (23,24).
Experimental protocol. All echocardiographic and
pressure recordings were "synchronized" by stopping the
external pacemaker for a 2 second period at the moment
when the cuff occluder was inflated to occlude the left an-
terior descending coronary artery. Anterograde flow was
shown by the Doppler probe to be abolished within I second
of coronary occlusion (Fig. 2). The actual protocol used
was as fo llows:
Figure 2. Hemodynamic effects. During a challenge (30 second)
coronary occlusion, theDoppler flow velocity probe demonstrates
cessationofcoronary flow during coronaryocclusion (firstarrow)
and a hyperemic response during reperfusionbeginning 30seconds
later (second arrow). Left ventricular negative dP/dt decreases
rapidly. indicating impaired global diastol icrelaxation during coro-
nary occlusion. Abbreviat ions as in Figure I.
200
0
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at each time point; the higher the percent, the slower the
relaxation. These diastolic measurements were only made
in the preocclusion and postocclusion tracings; during coro-
nary occlusion, an early diastolic recoiling or apparent thick-
ening occurs (Fig. I), which makes such diastolic thickness
measurements uninterpretable as a variable of relaxation.
Therefore, we did not make such measurements on echo-
cardiographic recordings obtained during the coronary oc-
clusion phase.
Coronary risk area. At the end of the study. the animals
were killed. The left main coronary artery and the left an-
terior descending coronary artery just distal to the occlusion
site were cannulated and injected at identical perfusion pres-
sures with two different dyes-Evans blue (50 cc, 0.5%)
and van Gieson (30 cc [5 cc of fuchsin. I%, in 200 cc
saturated picric acid, 1.5%]). The exact epicardial position
where the ultrasound transducer had been during the ex-
periment was marked with an epicardial suture inserted when
the transducer was removed so that myocardial perfusion
of that exact area could be determined. After 4 days of
incubation in formaldehyde (3.7%), the heart was cut into
six slices perpendicular to the long axis of the left ventricle.
The left anterior descending artery perfusion area appeared
yellow (van Gieson); the circumflex and septal area appeared
blue (Evans blue). The center of the border zone (green
color) at each slice was taken as the limit of the left anterior
descending risk area. The relative left anterior descending
risk area was obtained by dividing the sum of the weights
of the left anterior descending pieces by the weight of the
total left ventricle. Two 3 g samples were taken at the site
where the echocardiographic probe had been placed. Ad-
ditional 3 g samples were taken from the remote nonisch-
emic region. Regional myocardial perfusion was determined
and expressed as mllmin per 100 g.
Myocardial adenosine triphosphate (ATP). In six ad-
ditional dogs. myocardial ATP was measured. Myocardial
biopsy samples (Alko model 950 pneumatic biopsydrill with
a 2 mm diameter bit and Isopentane-liquid nitrogen bath)
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Table 1. Resting Systolic and Diastolic Hemodynamic Variables in 19 Dogs: Control and After 5 Minutes of Coronary Occlusion
and 30 Minutes of Reperfusion
Systolic Hemodynamics
Peak Positive dP/dt LV Systolic End-Diastolic Wall Systolic Wall
(rnrn Hg)/sl Pressure (rnm Hg) Thickness (rnm) Thickening ('Ir)
C ~O Min. R C ~O Min. R C ~O Min. R C ~O Min. R
Group A Control, no Mean 2,267 D92 101 100 8.2 8.4 52.5 48.0
(n = 8) coronary ±SD 622 670 24 2~ 0.9 1.7 1~.5 9.2
occlusion
Group B Intervening Mean 2,090 2,077 III 119 7.6 7.6 45.6 41.0
(n = II) 5 min. ±SD 330 ~47 18 21 0.7 0.8 11.8 10.5
occlusion
Diastolic Hemodynamics
Peak Negative LV End-Diastolic
T (rns) T,lms) T, (rns) dP/dt (rnm Hg/s) Pressure (rum Hg)
C ~O Min. R C ~o Min. R C 30 Min. R C ~o Min. R C 30 Min. R
Group A Control Mean 341 36.3 361 37.3 35.1 ~6.1 - 2,572 - 2,677 6.2 5.4
(n = 8) ±SD 5.8 7.2 5.3 6.6 9.5 10.4 530 710 1.2 1.2
Group B 5 Min. Occl. Mean 370 37.4 37.1 39.8 37.0 39.6 - 2,315 - 2,485 7.3 7.2
(n = II) ±SD 40 4.9 3.6 86 6.6 7.4 328 475 1.7 22
Control versus 30 min. reperfusion values in both groups: p = NS (paired I test); control values of Group A versus B: p = NS (unpaired 1 test). C
= control; LV = left ventricular; R = reperfusion; SD = standard deviation.
I) A first "challenge" coronary occlusion (30 seconds)
was performed in all dogs, The left anterior descending
coronary artery was occluded while simultanous, continuous
echocardiographic and pressure recordings were obtained.
Microspheres were injected before occlusion and at 10 sec-
onds of occlusion, The occlusion was released after 30 sec-
onds.
2) Intervention: Group B (intervention) dogs underwent
complete coronary occlusion for 5 minutes. An injection of
microspheres was done at the end of the 5 minute occlusion,
after which the occlusion was released and 30 minutes of
reperfusion were allowed, No intervention was performed
in the Group A (control) dogs; we simply allowed 30 min-
utes to elapse after the first challenge coronary occlusion in
these dogs,
3) A second challenge coronary occlusion (30 seconds)
was performed in all dogs after 30 minutes of elapsed time
(Group A) or after the 5 minute intervention occlusion and
Table 2. Regional Myocardial Perfusion in 19 Dogs
30 minutes of reperfusion (Group B), Hemodynamic, echo-
cardiographic and perfusion measurements were repeated,
Data from 5 of the original 16 dogs in Group B (5 minute
occlusion) were discarded; ventricular fibrillation occurred
in 2 dogs, and hemodynamic deterioration of the preparation
occurred in 3 dogs,
Statistical analysis. Within each group of animals, the
hemodynamic and echocardiographic data before and after
reperfusion were compared using analysis of variance ap-
plied to changes over time, Rest data from both groups were
compared by an unpaired t test to assure that the two groups
were comparable.
Results
Rest data before and after a 5 minute coronary oc-
clusionand 30 minutes of reperfusion. The systolic hemo-
dynamic and echocardiographic data were similar before
Challenge Coronary
Intervention: 5
Challenge Coronary
Occlusion I (30 seconds)
Min. Coronary
Occlusion 2 (30 seconds)
oSecond 10 Seconds Occlusion oSecond 10 Seconds
Group A Control Mean (ml/IOO g per min) 68.9 15.5* Not performed 74.3 12.1\*
(n = 8) ±SD 23.6 6.9 12.4 6.3
Group B Intervening Mean (mill 00 g per min) 61.7 18.5* 12.2 84.7 29.8*
(n = 11) 5 min. occlusion ±SD 25.3 8.0 9.5 12.8 24.0
*p < 0.01, 10 versus 0 seconds. Group A versus Group B: p = NS. SD = standard deviation.
902 SCHRODER ET AL.
ALTEREDRESPONSE OF REPERFUSED MYOCARDIUM
lACC Vol. 10. No.4
October 1987:898-905
and after the intervention in Group B and the equivalent
time period in the control (Group A) dogs (Table I). The
diastolic hemodynamic variables were also similar before
and after the intervention in both groups (Table 2).
Figure 3 shows the effect of the 5 minute (intervention)
coronary occlusion on systolic wall thickening; wall thick-
ening in the II Group B dogs returned rapidly to preocclu-
sion levels as reperfusion began, and remained unchanged
at 30 minutes of reperfusion. No changes in systolic thick-
ening occurred in the eight control (Group A) dogs during
the 30 minute elapsed time period. Absolute end-diastolic
wall thickness remained unchanged in the control group
(Group A) and returned to baseline conditions in the inter-
vention group (Group B) after a reperfusion period of 30
minutes (Table I).
Figure 4 shows early diastolic regional wall thinning in
the II Group B dogs. After the 5 minute occlusion and 30
minutes of reperfusion, diastolic wall thinning at 100 and
150 ms after end-systole was significantly slower than dur-
ing preocclusion. In contrast, in the control dogs (Group
A) (not shown in Fig. 4), there were no differences in
relaxation before and after the 30 minute waiting period.
In sum, 30 minutes of reperfusion after a 5 minute left
anterior descending artery occlusion left early diastolic re-
gional wall thinning impaired in the reperfused myocar-
dium. Systolic hemodynamic and echocardiographic vari-
ables appeared to return entirely to baseline in the
postocclusion rest, unstressed state.
Effect of brief (30 second) "challenge" left anterior
descending artery occlusions. Table 3 shows the flow
reduction during the two brief (30 second) challenge coro-
nary occlusion periodsand during the 5 minute intervention
coronary occlusion. The flow reductions during the two
challenge occlusions were comparable. The left anterior
descending risk area of Group A dogs was 34 ± 7%, and
of Group B dogs 42 ± 5% (p < 0.05). Table 4 shows the
hemodynamic changes during the challenge coronary oc-
clusions. Each 30 second challenge left anterior descending
occlusion was accompanied by equivalent decreases of global
systolic function variables: left ventricular systolic pressure
and peak positive dP/dt. These decreases were similar in
both groups of animals in response to the first challenge
coronary occlusion (challengeocclusion I) and again to the
challenge occlusion after the reperfusion period (challenge
occlusion 2). Likewise, similar changes in the global dia-
stolic variables (negative dP/dt, T) occurred during chal-
lenges I and 2 in both groups.
The time course of the changes in regional systolic func-
tion (echocardiographic wall thickening fraction) in re-
sponse to the two challenge (30 second) coronary occlusions
are shown in Figure 5. In the control group (n :::: 8), the
decline in systolic thickening was virtually identical in re-
sponseto the twochallengecoronaryocclusions. In contrast,
in the II Group B dogs, which underwent an intervening
5 minute coronary occlusion, there was a striking and sig-
nificant differencein the responseto the two challenge coro-
nary occlusions: the decline in systolic thickening occurred
muchfasterduring the secondchallengeocclusion. Regional
systolic thinning or expansion was evident by 10 seconds
after the secondchallenge occlusion in these Group B dogs,
whereas thinning required 20 seconds to appear after the
first occlusion. The differences in systolic thickening were
significant (p < 0.01) at 5, 10, 15 and 20 seconds during
the second challenge coronary occlusion compared with the
first preintervention occlusion.
Myocardial ATP. Myocardial ATP measurements de-
clined in each dog after the 5 minute coronary occlusion
followed by 30 minutes of reperfusion. Preocclusion con-
centration was 2.87 ± 0.53 x IO- x moles/mg (range 2.38
x IO- x to 3.50 x IO- x); after the sequence of occlusion-
Figure 3. Regional systolic thinning. A 5 minute coronary oc-
clusion produced regional systolic thinning that returned tobaseline
within I minute after reperfusion. Inthecontrol dogs (no coronary
occlusion), systolic thickening remained unchanged. S.E. = stan-
dard error.
Figure 4. Regional diastolic thinning. Regional early diastolic
thinning was slower after the sequence of 5 minutes of coronary
occlusion and 30 minutes of reperfusion. In the control dogs (not
shown) without an intervening coronary occlusion, early diastolic
thinning was identical before and after 30 minutes elapsed time.
S.E. = standard error.
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Table 3. Hemodynamic Changes During Challenge I and 2 (30 Seconds) Coronary Occlusions
Peak Positive dP/dt Peak Negative dP/dt
(mm Hg/s) LVSP (mm Hg) (rnrn Hg/s) T (ms)
I 2 I 2 I 2 I 2
- 8 :!: 8 -7 :!: 6 - 7 ± 7 - 4 :!: 3 - 36 ± 17 - 35 ± 17 45 :!: 8 51 ± 14
Challenge
Group A
(control) no
coronaryocclusion
( n = 8)
Group B
(intervening 5 min.
coronary occlusion)
(n = II )
- 9 ± 7 - 7 ± 3 -x ± 7 .- 7 ± 3 ·· 33 ± 10 - 35 ± 10 47 ± 7 48 ± 3
"p < 0.05. challenge occlusion 2 versus I. All values are mean ± SD and represent the percent change from rest (pre-challenge) value. LVSP =
left ventricular systolic pressure; T = timeconstant.
Time (seconds)
o 5 10 15 20 25 30
Interven tion group
5' Inter vening Coronar y Occlusion
n= 11
50
60
. 10 L- -=--=---'~.....
o 5 10 15 20 25 30
Control group
No Intervening Coronary Occlusion
n=8
a Challenge Occlu sion 1
• Challenge Occlusion 2
.. *p < 0 1
I S E
. 10 '-----........----
60
-0 50
'?::.
while Lange et at. ( 12) found that reperfusion after a 5
minute occlusion resulted in full recovery of segment short-
ening initially; subsequently, a reduction in function became
evident, so that after 30 minutes of reperfusion, shortening
had declined to 70% of control.
The previous sonomicrometer studies, taken together, do
suggest that as little as a 5 minute period of coronary oc-
clusion produces alterations in myocardial function. These
abnormalitiesare subtle. We hypothesized that by subjecting
reperfused myocardium to the stress of a second challenge
coronary occlusion, the effects of a preceding 5 minute
coronary occlusion would become overt and would be man-
ifest by a more rapid decline in systolic function during the
second occlusion. This technique of challenging reperfused
Figure 5. Regional systolic thickening: response to two challenge
(30 second) coronary occlusions. After a 5 minute coronary oc-
clusion, the decline in regional systolic thickening and the devel-
opment of regional myocardial systolic thinning occurred more
quickly when the reperfused myocardium was subjected to a second
(30 second) challenge coronary occlusion. In the control dogs (no
intervening coronary occlusion) . the response to a second challenge
coronary occlusion was the same as to the first occlusion. S.E.
standard error.
~ 40 40
E
(l) 30 30
.x:
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f- 20 20
.!:?
(5 10 10in
>-
en 0 0
reperfu sion, ATP decreased to 1,63 ± 0,83 x 10 M (range
1.03 x 10 ' 8 to 3.10 X IO '·K) (p < 0.0 1).
Discussion
The major finding of this study is that the abolition of
regional myocardial systolic thickening in response to coro-
nary occlusion occurs more rapidly when the coronary oc-
clusion is preceded by a 5 minute period of myocardial
ischemia and 30 minutes of reperfusion. Thus, the challenge
coronary occlusion unmasked latent myocardial abnormal-
ities induced by the earlier sequence of ischemia and re-
perfusion. An additional subtle marker of persistent latent
dysfunction was the slowed diastolic regional wall thinning
or relaxation after the ischemia-reperfusion sequence.
Previous studies of brief coronary occlusion. Heyn-
drickx et al. (4,5), using sonomicrometers, found that a 5
minute coronary occlusion followed by reperfusion resulted
in prolonged depression of regional segmental shortening
that required 3 hours to return to normal. However, this
conclusion is in disagreement with fi ndings of other inves-
tigators. Tennant and Wiggers (I) observed return of func-
tion in 2 to [0 minutes after a 4 minute coronary occlusion
followed by reperfusion. Puri (8) and Banka et al. (9), using
Walton-Brody strain gauges, found rapid recovery after 5
minute occlusions. Egeblad et al. (7) and Gaasch and Ber-
nard (10), using M-mode echocardiographic techniques.
similarly found rapid restoration of wall thickening after 5
minute occlusions. Some of these discrepancies may be due
to technical differences, especially the use of different tech-
niques to register myocardial function, and whether the an-
imals were anesthetized or conscious. Heyndrickx et at.
(4,5) used sonomicrorneters. a highly sensitive technique;
other investigators who used sonomicrometers also noted
alterations in systolic function after brier coronary occlu-
sion, but less than those observed by Heyndrickx et al. (4.5).
Forexample, Nicklaset al. (II) demonstrated 80% recovery
of systolic shortening after only 10 minutes of reperfusion,
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myocardium to demonstrate latent dysfunction has not been
previously used. We found that reperfused myocardiumdid
respond differently to the challenge of a second brief coro-
nary occlusion, supporting our hypothesis.
Effects of brief coronary occlusion on diastolic myo-
cardial relaxation. Abnormalities of rest global and re-
gional diastolic function have been reported(25) as sensitive
markers of coronary artery disease in patients with normal
systolic function. Usinga conscious animal modeland sono-
micrometers, Therouxet al. (26) reportedabnormal diastolic
shortening during the first 30 minutes of reperfusion after
a single 2 minute episode of ischemia. In our study using
echocardiography, early diastolic regional wall thinning re-
mainedabnormal after 5 minutesof ischemiaand 30 minutes
of reperfusion, in contrast to the full recovery of the global
diastolic variables, perhaps reflecting asynchronous relax-
ation. The change in segmental diastolic relaxation further
supports the concept that a 5 minute coronary occlusion
does result in subtle alterations of myocardial function de-
spite reperfusion.
Causes of abnormal myocardial function after brief
ischemia. What are the possible causes of the abnormal
myocardial responses to 30 second (challenge) coronary
occlusions after a 5 minute interruption of coronary flow ?
Myocardial edema did not occur because end-diastolic wall
thickness and transmural perfusion were similar before oc-
clusion and after 30 minutes of reperfusion. Alterations in
myocardial oxygen requirements due to changes in systemic
hemodynamics should have been minimal since we main-
tained a constant heart rate, and left ventricular pressures
changed little. Thus, any change in the response to coronary
occlusion is more likely a result of changes in the myocar-
dium itself induced by the coronary occlusion.
Alterations of myocardial biochemistry and histologic
changes have been reported (27- 31) at the end of a brief
coronary occlusion. High energy phosphates such as ATI'
or creatine phosphate and glycogen stores are reduced , and
morphologic and functional changes of the mitrochondria
occur. Except for creatine phosphate, the repletion of these
elements seems to be slower than the functional recovery.
The biochemical findings in our study are in agreementwith
those of previous investigations. We found significantly lower
ATP concentrations after occlusion and reperfusion, but
regional systolic function at rest returned almost immedi-
ately to preocclusion levels with reperfusion. Residual ATP
concentration reductions may be related to the earlier onset
of systolicdysfunctionduring the second challenge coronary
occlusion, but whether the mechanicaland biochemicalphe-
nomena are causally related or both are simply manifesta-
tions of other ischemia-induced changes is not established
by the present investigation.
We used peak negative left ventricular pressure dP/dt to
defineend-systole. This is arbitrary, because previous stud-
ies (32) have demonstrated considerable temporal and spa-
tial heterogeneity of left ventricular contraction when ex-
amining different segments of the left ventricle. However,
as we studied systolic and diastolic function of one constant
regionof the ventricle(the portion under the epicardial echo
probe), such heterogeneity should be minimized.
Coronary risk area. The mean left anterior descending
coronary risk area of the dogs in the intervention (occlusion-
reperfusion) group was modestly but significantly larger
than that for the control animals, which did not undergo the
5 minutecoronary occlusion. Could this risk area difference
have caused or contributed to the different response of the
two groups to the second challengecoronary occlusion? The
data from individual animals do not suggest that those with
a larger risk area had a more profound response to the
challenge coronary occlusions. Another pertinent observa-
tion comes from a related experiment (33), where we chal-
lenged reperfused myocardium with graded, moderate re-
ductions in coronary flow, but not complete coronary
occlusion. We demonstrated more severe declines in func-
tion of reperfused myocardium than of normal myocardium
in response to equivalent moderatereductions of myocardial
abnormalities of briefly ischemic and then reperfused myo-
cardium. In that other study (33), the mean left anterior
descending risk areas of the intervention versus control an-
imal groups were not significantly different. Taking these
two lines of evidence together, we do not believe that in
the present study, the risk area differences can entirely ac-
count for the abnormal response of reperfused myocardium
to a subsequent coronary occlusion. However, we cannot
exclude some contribution to the observed abnormal re-
sponse by the somewhat larger risk area of the intervention
group.
Clinical implications. The main purpose of this study
was to demonstrate a functional alteration of reperfused
myocardium . The alterations in the time course of the myo-
cardial response to repeated coronary occlusion are slight
in absolute terms (20 seconds to systolic thinning with the
first challenge occlusion, IO seconds to thinning during the
second occlusion), and this small time difference itself may
not necessarily have clinical importance. However, repeated
episodes of coronary flow interruptions do occur clinically
in patients undergoing occlusion-reperfusion sequences, such
as those with unstable angina, variant angina or successful
thrombolysis after spontaneous coronary occlusion. In such
clinical situations, regional systolic myocardial function may
appear to recover after a period of reperfusion, but this
reperfused myocardium may be more sensitive than normal
myocardium to subsequent reductions in coronary artery
flow.
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